ABSTRACT A kinematic equation of profiling float is nonlinear and has time-varying parameters. Traditional PD controllers not only demonstrate an inconsistent response to different depth controls but also face problems of overshooting and high power consumption. To realize the goal of depth control of profiling buoy under low power consumption, an improved double PD control method was proposed in this paper. The real-time prediction of position and low-power running of the sensor were realized through sparse sampling and depth prediction. The combination control over position, speed, and flow was realized by introducing the speed and flow expectation function. Then, a MATLAB/Simulink simulation model was constructed, and the proposed controller was compared with a single PD controller and an improved single PD controller. Among ten depth control tests, the proposed method was superior given its short response time, small overshooting, small steady-state error, and low power consumption. Moreover, it achieved a consistent control effect on different target depths. The simulation results demonstrated that a nonlinear and time-varying floating system controlled by the proposed method has favorable robustness and stability. This system will consume minimal power simultaneously.
I. INTRODUCTION
With the increase in the cognition of marine and accelerating ocean exploitation, research and development of submersible vehicles with large diving depth and long voyage has become a research hotspot [1] . Autonomous underwater vehicle (AUV) [2] , autonomous profile observation float (hereinafter referred to as ''float'') [3] , manned deep submersible vehicle, and underwater gliders have attracted considerable attention and have been studied extensively.
As an important component of a submersible vehicle, a buoyancy-regulating system can compensate for buoyancy changes of a submersible vehicle or drive movement of the submersible vehicle [2] . The buoyancy-regulating system can be divided into volume-and gravity-varying types. The former changes the volume of a submersible vehicle while keeping the weight unchanged. Consequently, The associate editor coordinating the review of this manuscript and approving it for publication was Haiyong Zheng. the buoyancy force is adjusted. Representative submersible vehicles, such as American ''ALVIN'' manned deep submersible vehicle, Japan ''URASHIMA'' manned deep submersible vehicle, and China ''COPEX'' float [4] , adopt the volume-varying buoyancy-regulating system. The gravityvarying buoyancy-regulating system changes the weight of the submersible vehicle while keeping the volume unchanged, thereby altering the buoyancy forces. This type of buoyancy-regulating system is applied to America new ''ALVIN,'' Russia ''Peace 1#,'' Japan ''Shinkai6500,'' and China 7000 m ''JiaoLong'' [5] manned deep submersible vehicle. The buoyancy-regulating system is a typical large time delay system with strong nonlinearity. The control effect of this system influences the normal working condition of the submersible vehicle directly.
The performance of a typical PID controller depends on the control parameters. After calibrating control parameters, the controller cannot modify these control parameters automatically in accordance with the characteristic changes in the control object. Therefore, for a time-varying nonlinear submersible vehicle, the PID controller cannot easily reach the optimal state [6] .
The control algorithm of a sliding mode variable structure (SMVS) is characterized by a simple operation, insensitivity to parameter changes, and strong anti-jamming capability. The SMVS has been extensively applied to the motion control field of underwater robot [7] . Researchers have realized diving [8] , positioning [9] , depth keeping, and route tracking of underwater autonomous robot [11] by using the control algorithm of the SMVS since the 1980s. However, applying the SMVS to a practical system is restricted because the discontinuity and switching characteristics of the SMVS may cause buffeting of the system [12] .
A fuzzy self-adaptation controller has favorable performance, strong robustness, and anti-jamming capability to time-varying nonlinear objects. Xu and Smith [13] realized a depth control of AUVs by using the fuzzy self-adaptation controller and achieved relatively satisfying control effect. However, overshooting occurred in the early stage of the control. In addition, parameter adjustment of the PID [14] or SMVS controller [10] through the fuzzy algorithm improves the robustness and anti-jamming capability of the controller.
Active disturbance rejection control (ADRC) can solve the conflict of the traditional PID between overshooting and fast response. The ADRC can provide a steady, accurate, and fast control. In controlling the pitch angle of underwater gliders, the ADRC technique increases the stability and dynamic response. However, the parameter setting of the ADRC controller is relatively complicated. Currently, no effective and feasible setting theory has been established; thus, large-scale applications of the ADRC are restricted in engineering projects [15] .
At present, approximately 4,000 autonomous floats are in service worldwide. Countries are deploying new floats continuously. Therefore, the depth control of an intelligent Argo float is crucial to promoting a survey on elements of the marine environment. The PD control can compensate for lagging and achieve positive effects on Remote Operated Vehicle position control [16] and AUV posture control [17] . However, low-power consumption and a high-stability control algorithm are essential to the long endurance of disposable profiling floats.
On the basis of the traditional PD controller, an improved double PD controller is proposed in this study. With the proposed controller, a combination control over displacement, speed, and flow is realized by introducing speed and flow expectation function. The robustness and anti-jamming capability of the improved double PD controller are enhanced. Moreover, displacement and speed of floats are predicted through sparse sampling and arctangent expectation function, which avoids continuous sampling of sensors and decreases power consumption of float. Finally, the performance of the improved double PD controller is verified through MATLAB/ Simulink simulation.
II. MOVEMENT PROCESS OF THE PROFILING FLOAT
The profiling float uses the volume-varying buoyancy driving mode. The movement process of profiling float [18] includes the following stages: standby, sinking, drifting, re-sinking, floating, and data transmission (Fig. 1) . Specific movement procedures of a profiling float are introduced as follows [19] : 1) Floating stage: buoyancy is equal to gravity. The float begins to sink after receiving the command of sinking.
2) Sinking stage: a motor drives the oil hydraulic pump to pump hydraulic oil from an external oil sac into the internal oil sac, and the float sinks. With the increase in sinking depth and seawater density, the buoyancy force of the float increases gradually. The float hovers and drifts when the buoyancy force and gravity are eventually equal at a certain sink depth.
3) Drifting stage: the float hovers at a certain depth and drifts with the ocean current. 4) Diving stage: the hydraulic oil is pumped into the internal oil sac continuously. The volume of the float is decreased and, the buoyancy becomes smaller than the gravity. When the float dives to the maximum depth, buoyancy and gravity reach equilibrium. 5) Floating stage: the motor drives the oil hydraulic pump to impel hydraulic oil from the internal oil sac to the external oil sac. Simultaneously, the volume of the float increases. When the buoyancy force is higher than the gravity, the float begins to hover up. The hydraulic pump stops to impel when the external oil sac reaches the maximum volume. In this stage, environmental parameters are measured. 6) Communication stage: measurement data are sent to the shore-based center using satellites, thereby accomplishing one measurement period.
III. KINEMATIC MODEL OF FLOATS A. FORCE ANALYSIS
The depth at sea level is zero, and downward refers to the positive depth direction. Downward force, speed, and accelerated speed of floats are positive. For the convenience of analysis, several model hypotheses are proposed: VOLUME 7, 2019 (1) In a kinematic analysis, a float is considered a mass point, and the volume changes caused by seawater pressure fluctuation are neglected.
(2) Considering that the movement principle of the profiling buoy is by changing the relationship between the buoyancy and the gravity of the buoy, Buoyancy and gravity are always in a vertical direction, while ocean currents in the ocean are usually considered to be moving in the horizontal direction, Therefore, the forces acting on the buoy by the ocean currents are in the horizontal direction. These forces will not affect the vertical direction of the buoy's motion, so only the longitudinal movement of profiling float in the deep sea is analyzed in the force analysis.
During downward movement, the float bears the upward buoyancy (F f ) and water resistance (F r ) and the downward gravity (G). According to Newton's second law,
where m is the total mass of the float, and a is the accelerated speed of the float. The calculation formula of F r is
where ρ is the seawater density, A is the cross-sectional area of the float, and C is the water resistance coefficient. The water resistance coefficient is calculated using the Prandtl-Schlichting formula.
where Re is the Reynolds number (Re = ρvd/γ ), ν is the kinematic speed along the vertical direction of the float, d is the diameter of the float, and γ is the kinematic coefficient of the viscosity of water (γ = 1.1883 × 10 −6 ). In accordance with Eqs. (2) and (3), the water resistance can be calculated as
The buoyancy (F f ) of the float is
where V a is the total drainage volume of the float, that is, V a = V 0 − V . V 0 is the initial volume of the float on the sea level, and V is the changes in drainage volume caused by the buoyancy-regulating system. The relationship [20] between seawater density and depth in the target sea area generally changes linearly (Fig. 2) . Because the depth of 200 m is smaller than that of 4000 and the density here is smaller, there is little difference between the buoyancy calculated by approximate linear relation and the buoyancy calculated by actual density. In order to facilitate calculation and discussion, the relationship between density and depth of sea water is approximately regarded as a linear relationship. The relationship between seawater density and depth is
where h is the depth of seawater.
B. SIMULATION MODEL
The kinematic process of profiling float was modeled in Simulink. The longitudinal kinematic model of the float was constructed in accordance with Eq. (1). On this basis, the flow of the pump was used as the input variable, whereas the moving depth of the float was used as the output variable ( Fig. 3 ). Buoyancy was calculated using Eq. (4). An internal detailed structure of the buoyancy calculation module is illustrated in Fig. 4 . In the buoyancy calculation model, the volume variation in hydraulic oil and the depth of the float were used as the input parameters. Furthermore, the buoyancy of the profiling float was output. Water resistance was calculated using Eq. (5). The internal detailed structure of the water resistance calculation module is depicted in Fig. 5 . In the calculation model of water resistance, the longitudinal movement speed and depth of the float were used as the input parameters, and the water resistance against the movement of the float was the output. The accelerated speed of the float was calculated on the basis of the resultant force of water resistance, buoyancy, and gravity. The movement speed could be gained by integrating the resultant force. Finally, the displacement was calculated by the secondary integration of the resultant force.
IV. IMPROVED DOUBLE PD CONTROLLER A. DEPTH PREDICTION
In the traditional depth controller of submersible vehicles, the depth sensor operates in a continuous working mode; moreover, depth information is collected in each sampling period. For a deep sea float, environmental elements must be collected in the floating process; simultaneously, sensors shall remain basically inactivated during sinking to save energy. Therefore, combining sparse sampling and depth prediction is conducive to shortening the working time of sensors and saving abundant energies. On the basis of the sinking process of the float, the expected movement speed is high when the float is further away from the target depth. By contrast, the expected movement speed decreases while approaching the target depth. Arctangent, characteristic [21] , and S functions confirm the abovementioned laws. The curves of arctangent function, characteristic function and 'S' function is exhibited in Fig. 6 , Among these functions, arctangent function and characteristic function have a large slope in the forepart and approaches the target value in the rear section, and the calculation of the arctangent function is simpler than that of the characteristic function. Therefore, the arctangent functional model has been applied to depth prediction.
The sampling cycle of the sensor isT , and the control cycle of the controller is t:T = Nt. Then, the predicted depth in the n-th control cycle is
where f is the arctangent functional model, that is,
, where a and b are undetermined coefficients. Therefore, the input depth values in each control cycle are related to the recent two collected data of the sensor, thus decreasing the power consumption of sensors in each control cycle. However, the deviation between the predicted and the true values will influence the performance of the controller, especially in the control cycle after the sensor sampling. Thus, the controller shall be equipped with strong anti-jamming capability.
B. IMPROVED DOUBLE PD CONTROLLER
A differential item in the PD controller can predict the trend of error and make the error inhibition in advance, thereby avoiding serious overshooting of the controller. In particular, for a system with large inertia or lagging, the PD controller can improve the dynamic features of the system through adjustments. The float in the deep sea is facing buoyancy and water resistance. Furthermore, the system has large inertia and lagging characteristics. Therefore, the PD controller has been selected for a closed-loop control of the depth.
Given that the PD controller will adjust the output in accordance with position error, the depth control effect at various depths will be different. However, the large target depth will cause an overshoot, as verified in the Experiment section. The speed must be controlled when the float approaches the target depth. Therefore, on the basis of the depth PD control, the speed closed-loop control is used to provide a rapid response and a slow approach to the target. Moreover, the double PD controller is modified by flow expectation function to induce a nonlinear feature to the system. The simulation model of the improved double PD controller is exhibited in Fig. 7 .
The depth prediction model was updated in one control cycle after the sensor sampling. The update caused sudden changes in instantaneous position and speed. To prevent influences of interference on the controller, the speed expectation function y = a · arctan(b · x) was added to the outer loop of the PD controller. The arctangent function can map the output value of the outer PD onto the range of the ultimate speed of the float, thereby slightly reducing the disturbance caused by the fluctuation of predicted position. The amplitude a and angular frequency b of the speed expectation function were set as 0.5 and 0.011, respectively. Similarly, the flow expectation function was added to the inner loop of the PD controller. The output of the inner PD controller was mapped onto the range of flow of the hydraulic pump. The amplitude a and angular frequency b of the speed expectation function were set as 0.8 and 0.044, correspondingly.
During the simulation, the solver step size is set to a fixed value of 0.1, the solver type is selected as auto, and the default value of other parameters can be selected. According to the criterion of Integral Time Absolute Error (ITAE), when the outer ring of the PD controller proportional coefficient and differential coefficient is set to 0.32 and 100 respectively, the proportion of outer ring PD controller coefficient and differential coefficient is set to 0.5 and 100 respectively, the value of ITAE is the minimum, and system stability time is shorter and there is no overshoot, achieve satisfactory effect. The simulation results are presented in Fig. 8 .
V. EXPERIMENT AND RESULTS

A. EXPERIMENTAL PREPARATIONS
To verify the depth control and energy-saving effect of the improved double PD controller, the traditional single and the improved PD controllers with depth fitting (hereinafter referred to as ''improved single PD'') were used for comparison in the experiment. Contrast experiments of 10 target depths from 200 m to 2000 m were conducted. The target depths were set at an interval of 200 m. To eliminate the effects caused by the working modes of the sensor, an interval sampling mode (600 s) was adopted in all three controllers. In the experiment, the optimal parameters of the single PD controller were determined (0.000013 and 0.005). On this basis, the depth fitting function was increased. In particular, the depth value of the single PD controller in the sampling interval of the sensor was kept constant. Furthermore, the improved PD controller could predict the depth by a depth fitting function in accordance with the last two sampling values. The simulation model of traditional single-PD method and improved single-PD method is shown in Fig. 9 and Fig. 10 . The step size of the solver is set to a fixed value, the size of which is 0.1, the type of solver is auto, and the default value of other parameters can be chosen.
B. COMPARISON OF THE CONTROL EFFECTS
Under the 10 target depths, the traditional, the improved single, and the improved double PD controllers can stabilize at the target depth. However, the improved double PD controller performs the optimal robustness; moreover, it can approach the target depth stably under different depths without overshooting (Fig. 11) . The traditional and the improved single PD controllers respond slowly when the target depth is smaller than 1000 m. With the increase in target depth, the response speed is strengthened gradually, thereby causing large overshooting. Therefore, the traditional and the improved single PD controllers are highly sensitive to the target depth. The improved single PD controller is slightly better than the traditional single PD controller, thus indicating that combining sparse sampling and depth prediction can improve the performance of the PD controller. The steady-state error of the controller is defined as
where X (t ∞ ) is the target depth, and X (t) is the steady-state depth.
A small steady-state error implies the high accuracy of the controller. In Fig. 12(a) , the steady-state error is smaller in the improved double PD controller under various target depths than in the single and the improved single PD controllers. Moreover, the steady-state error is decreased gradually with the increase in depth, thereby indicating the high control accuracy of the proposed method.
The overshooting ratio is defined as
where X (t m ) is the maximum deviation.
Overshooting is allowed in the depth control of the float. Nonetheless, the adjustment of large overshooting is accompanied by the hydraulic oil pumped outside and inside repeatedly and the large consumption of energy. The overshooting ratios of the single and the improved single PD controllers are positively related to the target depth and ranging from 0% to 14%. The overshooting ratio of the improved PD controller is maintained at lower than 0.8% without influence from the target depth, as shown in Fig. 12(b) . Therefore, the robustness is better in the proposed controller than in the contrast controllers.
The shortest time for the response curve to reach and remain in the ±2% range of the target depth stably is the regulating time (or setting time). The regulating time reflects the rapidity of the controller. The traditional and the improved single PD controllers respond quickly to specific depths. Moreover, the response curve presents a nonlinear growth trend. The regulating time of the improved double PD controller achieves an approximately linear growth with the regulating depth, as shown in Fig. 12(c) . In other words, the improved double PD controller that involves the nonlinear control function can solve the nonlinearity response of the float.
In particular, the performance of the traditional single PD controller is slightly improved through sparse sampling and depth fitting. The joint control over position, speed, and flow is beneficial to eliminating the nonlinearity and time-varying characteristics of the system. Simultaneously, the improved double PD controller increases the response and control accuracy of the float.
C. COMPARISON OF POWER CONSUMPTIONS
According to statistics, the power consumption by the buoyancy-regulating system of the profiling float comprises 90% of the total power consumption. In addition, power consumption by sensors accounts for 10%. In the target depth control process, power consumption is primarily composed of the power consumption by the motor and by the sensor. In the present study, the three controllers were compared using two aspects, namely, the power consumptions and the total power consumption.
A power consumption model of a float was constructed on the basis of previous studies [19] . This model was applied to the power consumption monitoring of a motor in the depth control process. The power consumption curves of the improved PD controller had similar shapes under the 10 target depths. The power consumption of the motor fluctuated slightly in the regulating process, as displayed in Fig. 13 .
On the basis of comparing the power consumption of the motor under the 10 target depths, the motor in the traditional single PD controller claims the highest power consumption, as illustrated in Fig. 14(a) . In the target depth of 800-1200 m, VOLUME 7, 2019 the power consumption is lower in the improved single PD controller than in the improved double PD controller. The power consumption of the improved double PD controller is the lowest under the other depths. Generally, given the same regulation volume, the power consumption is lower in the shallow water region than in deep water. Therefore, the power consumption of the controller with a quick response and a small overshooting ratio is low. In addition, the improved double PD controller relieves the fluctuation of the PD output by adding the speed and flow expectation functions. This addition is beneficial for the continuous stable working of the motor, thereby saving a certain amount of energy. Thus, the improved double PD controller has certain advantages in saving the power consumption of the motor.
In this study, SBE-61 CTD sensor (SEA·BIRD) was applied. The supply voltage of this sensor is 12 V. Currents at the working state and sleep mode are 20 mA and 10 µA, correspondingly. The sampling cycle of the sensor was set as 600 s. The working and sleeping times of the sensor in each cycle were set as 5 and 595 s, respectively. The power consumption of the sensor is calculated as
where U is the supply voltage of the sensor; T is the sampling cycle of the sensor, and t is the regulating time; I r and I s are the working and sleeping currents of the sensor, correspondingly; t r and t s are the working and sleeping times of the sensor in each sampling cycle, respectively. Considering that the power consumption of the sensor is related to the number of working cycles, the power consumption curves of the sensor in the three controllers are similar to the regulation time curves, as illustrated in Fig. 14(b) . On the basis of the data analysis, the improved double PD controller claims lower power consumption than the two other controllers. This result confirms that the improved double PD controller has a quick response and a short regulating time, thus enabling the proposed controller to slightly save power consumption.
The power consumption is significantly higher in the motor than in the sensor. Thus, the total power consumption shows a similar trend with the power consumption of the motor, as illustrated in Fig. 14(c) . In the target depth range of 800-1000 m, the total power consumptions of the single, the improved single, and the improved double PD controllers are basically similar. Under the other depth ranges, the power consumption of the single PD controller is the highest, followed by the improved single PD controller and then the improved double PD controller. Moreover, power saving becomes increasingly significant with the increase in the target depth.
D. ANALYSIS
The kinematic equation of profiling float is nonlinear, and parameters, such as seawater density, changes with time. These factors determine the nonlinearity and time-varying characteristics of the buoyancy-regulating system. The traditional PD controller performs poorly over the nonlinear system with time-varying parameters. Therefore, adapting to different depth controls is difficult. Moreover, the traditional PD controller only performs well in the target depth range of 800-1000 m. With the increase in target depth, the overshooting ratio, regulating time, and total power consumption increase significantly.
In this study, the sparse sampling of the sensor and depth fitting function are introduced in PD controller. These methods provide the predicted position and speed for each control cycle and solve the problem of unchanged position and speed in the sampling cycle of the sensor. Therefore, the performance of the PD controller is slightly improved. Specifically, the overshooting ratio, regulating time, and total power consumption of the improved PD controller is superior to the traditional PD controller. Thus, depth fitting can improve the performance of the controller.
The position, speed, and flow of the float are the three factors of the control process. The improved double PD controller provides a joint control over the three factors and predicts the float position by sparse sampling and depth fitting. The arctangent speed and flow expectation functions are introduced into the nonlinear procedure. The coupling closed-loop control results of displacement and speed are mapped onto the output values using the nonlinear flow function. The experimental results confirm the linear relationship between the regulating time and the target depth, thus indicating that the improved double PD controller can solve the nonlinearity and time-varying problems of the system. Thus, robustness and stability of the improved double PD controller are increased effectively.
VI. CONCLUSIONS
To address large lagging, nonlinearity, and time-varying parameters in deep profiling float systems, an improved double PD controller is proposed. This method overcomes the inconsistent stability of the traditional single PD controller under different depths. Moreover, the improved double PD controller applies sparse sampling and depth fitting of the sensor and replaces the continuous sampling of the sensor by interval sampling. Thus, it saves the power consumption of the sensor. Several conclusions are drawn. 1) For nonlinear and time-varying float systems, the traditional single PD controller is unstable under different target depth controls. By contrast, the improved double PD controller can react with characteristics such as quick response, small overshooting ratio, and high stability.
2) The improved double PD controller provides a joint control over position, speed, and flow of floats. It can reduce the overshooting effectively and improves the robustness of different target depth controls. The linear relation between regulating time and target depth is realized. Finally, the nonlinearity problem of the control system is solved by using the position, speed, and flow expectation functions of the arctangent model.
3) The improved double PD controller applies sparse sampling of the sensor and depth fitting function. Then, it avoids the continuous sampling of the sensor, thereby reducing power consumption during buoyancy regulation effectively.
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